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Double polarization experiments at intermediate energy
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At modern electron accelerators with highly polarized, intense, high duty factor beams
double polarization coincidence experiments became feasible with good statistical accu-
racy. The strong potential towards the precise determination of small nucleon structure
quantities is illustrated by two recent examples from MAMI. The measurement of GnE
in the quasifree reaction D(~e, e′~n)p lead to a new parametrization of GnE which is sig-
nificantly above the previously preferred one from elastic e−D scattering. A p(~e, e′~p)π0
experiment at the energy of the ∆ resonance yields preliminary results for the longitudinal
quadrupole mixing. Both experimental errors and model uncertainties are complementary
to unpolarized measurements.
1. INTRODUCTION
Polarization experiments offer the possibility to measure interferences of different am-
plitudes. This is particularly interesting in the situation of a small quantity in the vicinity
of a dominating large one. Due to the insensitivity of polarization observables to many
calibration factors the small quantities can be reliably extracted.
For these reasons a variety of experimental programs in the intermediate energy range
has been established at the electron accelerator facilities ELSA, MAMI, MIT-Bates,
NIKHEF and TJNAF. In the following, two recent examples of double polarization exper-
iments at MAMI will be discussed: the measurement of the neutron electric form factor,
GnE, in the quasifree D(~e, e
′~n)p reaction, and the extraction of the longitudinal quadrupole
mixing in the N to ∆ transition from p(~e, e′~p)π0.
Both experiments require longitudinally polarized, high duty factor beams in combina-
tion with recoil polarimetry. The nucleons are detected in parallel kinematics, i.e. along
the direction of the momentum transfer, ~q. The cartesian components of the nucleon po-
larization, Px,y,z, are advantageously expressed in the plane of incoming (~ki) and scattered
electron (~kf): yˆ = (~ki × ~kf )/|~ki × ~kf |, zˆ = ~q/|~q|, and xˆ = yˆ × zˆ.
2. MEASUREMENT OF Gn
E
via D(~e, e′~n)p
Double polarization observables in quasifree electron-deuteron scattering offer high sen-
sitivity to GnE due to an interference with the large magnetic form factor, G
n
M , combined
with negligible dependence on the deuteron wavefunction [1]. For the ideal case of free
electron-neutron scattering, n(~e, e′~n), Arnold, Carlson and Gross [2] obtained for the
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Figure 1. Setup of the D(~e, e′~n) experiment at MAMI
components of the recoil polarization1
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)−1 is the photon polarization parameter, Q2 = −qµqµ the squared
four momentum transfer and τ = Q2/4m2n represents the momentum transfer in units of
the neutron mass, mn. ϑe denotes the electron scattering angle, and Pe the longitudinal
polarization of the electron beam.
The longitudinally polarized electron beam (I ≃ 2.5µA, Pe ≃ 75%) hit a 5 cm long
liquid deuterium target and the scattered electrons were detected in a 256 element lead
glass array (Fig.1). The energy resolution of δE/E ≃ 25% was sufficient to suppress pion
production events. Only the electron angles, which were measured with an accuracy of
δϑ, δφ ≃ 3.5mrad entered the event reconstruction, which became kinematically complete
through the measurement of the neutrons time-of-flight and hit position in the front plane
of the neutron detector.
1Equivalently, the scattering of longitudinally polarized electrons off a polarized neutron target leads to
a cross section asymmetry with regard to reversal of beam helicity.
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Figure 2. Results for GnE from double po-
larization experiments. The data points and
curves are discussed in the text.
Figure 3. Neutron charge distribution for
the Mainz (full) and the preferred Saclay
(broken) GnE parametrization (see text).
The neutron polarization can be analyzed in the detection process itself [3]. This
required a second neutron detection in one of the rear detector planes, which yielded the
polar and azimuthal angles, Θ′n and Φ
′
n, of the analyzing scattering in the front wall. With
the number of events N±(Φ′n) for ± helicity states of the electron beam the azimuthal
asymmetry, A(Φ′n), was determined through the ratio
1− A(Φ′n)
1 + A(Φ′n)
=
√√√√N+(Φ′n) ·N−(Φ′n + π)
N−(Φ′n) ·N+(Φ′n + π)
, (4)
which is insensitive to detector efficiencies and luminosity variations. The extraction of
Px from A(Φ
′
n) = ǫeff ·Px · sin Φ′n requires the calibration of the effective analyzing power,
ǫeff, of the polarimeter. This, however, varies strongly with the event composition as
determined by hardware conditions during data taking and software cuts applied in the
offline analysis.
For the first time, the problem of calibration of the effective analyzing power has been
avoided by controlled precession of the neutron spins in the field of a dipole magnet in front
of the polarimeter [4]. After precession by the angle χ the transverse neutron polarization
behind the magnet, P⊥, is a superposition of x and z components, and likewise is the
measured asymmetry:
A⊥ = Ax cosχ−Az sinχ. (5)
For the particular case of the zero crossing, A⊥(χ0) = 0, one immediately gets the relation
tanχ0 =
Ax
Az
=
ǫeff · Pe ·
√
2τǫ(1 − ǫ)GnE ·GnM
ǫeff · Pe · τ
√
1− ǫ2 (GnM)2
. (6)
4Obviously, this ratio is independent of both Pe and ǫeff and it directly yields G
n
E/G
n
M . The
neutron electric form factor has been extracted relying on the dipole values for GnM .
Data have been taken around Q2 = 0.32 (GeV/c)2 and Q2 = 0.12 (GeV/c)2. According
to calculations of H. Arenho¨vel the effect of final state interaction on Px – which is
dominated by charge exchange of the outgoing nucleons – is almost negligible at the
higher momentum transfer. However, due to the small relative energy in the n-p final
state, it becomes important at the small Q2. For the MAMI D(~e, e′~n) data the influence
of FSI has been explicitly studied for the first time [5]. A 100% correction is required
at Q2 = 0.12 (GeV/c)2 which drops to 8% at Q2 = 0.35 (GeV/c)2. The corrected results
are depicted in Fig.2 as full circles with statistical (inner) and systematical (outer) error.
A FSI correction is implicitly also included in the NIKHEF result [6] (open square), but
not in the Bates one [7] (open circle). The full squares represent the uncorrected MAMI
results for 3 ~He(~e, e′n) . At Q2 = 0.6 (GeV/c)2 [8] FSI is expected to be negligible due
to the large kinetic energy of the ejected neutron. However, first, still incomplete 3-body
calculations indicate a substantial correction of the data point at Q2 = 0.36 (GeV/c)2 (full
square)[9] towards larger GnE . Excluding this data point, a new fit of the dipole-ansatz
GnE = −
µnτ
1 + ητ
·
[
1 +
Q2
0.71 (GeV/c)2
]−2
(7)
to the recent MAMI double polarization results yielded η = 3.4. µn is the neutron mag-
netic moment. As shown in Fig.2, this fit lies almost a factor of two above the previously
favoured result from elastic D(e, e′) scattering, where the Paris potential has been used for
the unfolding of the wave function contribution [10]. This causes a significant difference
of the neutron charge distributions as obtained by Fourier transformation of GnE . The
full and broken curve in Fig.3 correspond to the Mainz and Saclay GnE parametrizations,
respectively.
3. RECOIL POLARIZATION IN THE p(~e, e′~p)π0 REACTION AND THE
C2/M1 RATIO IN THE N TO ∆ TRANSITION
The spherical symmetry of the distributions of charge and magnetism within the nucleon
was discussed since the early days of the quark model [11], although the nucleon’s spin
1/2 forbids the existence of a static quadrupole moment. However, in the N → ∆33(1232)
transition quadrupole components are allowed aside of the dominant spin-flip of the un-
aligned constituent quark. In the almost exclusive decay of the ∆33(1232) resonance into
the Nπ channel, this small quadrupole mixing is associated with small, but non-zero, elec-
tric quadrupole to magnetic dipole (EMR) and Coulomb quadrupole to magnetic dipole
ratios (CMR). These are defined as:
EMR = ℑm{E3/21+ }/ℑm{M3/21+ } (8)
CMR = ℑm{S3/21+ }/ℑm{M3/21+ }, (9)
where the pion multipoles, AIlpi±, are characterized through their magnetic, electric or
longitudinal (scalar) nature, A, the isospin, I, and the pion-nucleon relative angular
momentum, lπ, whose coupling with the nucleon spin is indicated by ±.
5While the EMR has recently been measured at the photon point (Q2 = 0) [12,13],
the determination of the longitudinal quadrupole mixing requires pion electroproduction
experiments. Double polarization observables in the p(~e, e′~p)π0 reaction offer high sensi-
tivity to the CMR. In parallel kinematics, the components of the proton polarization are
given in s- and p-wave approximation by [14] 2:
σ0Px = Pe · c− · ℜe{(4S1+ + S1− − S0+)∗ · (M1+ −M1− −E0+ + 3E1+)} (10)
σ0Py = c+ · ℑm{(4S1+ + S1− − S0+)∗ · (M1+ −M1− − E0+ + 3E1+)} (11)
σ0Pz = Pe ·
√
1− ǫ2 · (|M1+|2 + |M1−|2 + 9|E1+|2 + |E0+|2 +
+ℜe{6E∗1+(M1+ −M1−)− 2M∗1+M1− − 2E∗0+(M1+ −M1− + 3E1+)}),(12)
where c± =
√
2ǫL(1± ǫ) ωcm|~qcm| . ωcm and ~qcm denote the energy and momentum transfer in
the cm-frame and ǫL =
Q2
ω2
cm
ǫ. The p− π0 multipoles of Eqs.10-12, Al±, are related to the
isospin multipoles by Al± = A
1/2
l± +
2
3
A
3/2
l± .
As a consequence of theM
3/2
1+ dominance, ℜeM1+ vanishes very closely to the resonance
position (W = 1232MeV), i.e.
σ0Px = Pe · c− · 4ℑmS1+ℑmM1+ + n.l.o. (13)
σ0Py = c+ · 4ℜeS1+ℑmM1+ + n.l.o. (14)
σ0Pz = Pe ·
√
1− ǫ2|M1+|2 + n.l.o. (15)
S1+, E1+ and M1+ are the only multipoles which couple to the ∆ resonance, i.e. possess
significant imaginary parts. With a purly Born - i.e. real - background the imaginary
parts of the other multipoles vanish. Rescattering effects produce only small imaginary
parts in the S0+ and the E0+ amplitudes. Therefore the higher order contributions, n.l.o.,
to Px (Eq.13) can expected to be small. The situation is different for Py, because here all
the real Born multipoles contribute (Eq.11). From Eqs.13 and 15 it is evident that the
CMR can be almost directly determined from the polarization ratio R =
√
1−ǫ2
4c
−
Px
Pz
[14].
At the 3-spectrometer setup [17] of the Mainz microtron MAMI a p(~e, e′~p)π0 experi-
ment with longitudinally polarized electron beam and measurement of the recoil proton
polarization has been performed. At Q2 = 0.121 (GeV/c)2 a range of invariant energies
of W = 1200...1260 MeV was covered.
The proton polarization was measured through the standard technique of inclusive p -
12C scattering. Therefore the detector package of spectrometer A was supplemented by
a 7 cm thick carbon scatterer followed by two double planes of horizontal drift chambers
[18]. This setup allowed the eventwise reconstruction of the proton carbon scattering
angles ΘC and ΦC with a resolution of 3mrad. The azimuthal modulation of the cross
section
σC = σC,0[1 + AC(P
fp
y cosΦC − P fpx sin ΦC)] (16)
is related to the proton polarization; σC,0 denotes the polarization independent part of the
inclusive cross section and AC the analyzing power, which was parameterized according
to [19].
2In contrast to ref.[14] here the conventions of ref.[15] are used. The different p-wave signs compared to
[14] are due to an inconsistency in [16].
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Figure 4. Preliminary results for the measured polarization components. The dashed,
dot-dashed, full and dotted curves correspond to calculations within the UIM for CMR= 0,
−2.9, −4.8, −6.7%, respectively.
The two polarization components P fpx and P
fp
y are measured behind the spectrometer’s
focal plane. It is possible to determine all three components at the electron scattering
vertex due to the spin precession in the spectrometer and the redundancy provided by
the helicity flip of the electron beam.
The spin precession along the proton trajectories through the magnetic fields of the
QSDD spectrometer A [17] was computed by stepwise numerical integration of the BMT-
equation. On the basis of several thousand rays which were distributed over the large
spectrometer acceptance a 5-dimensional spin precession matrix describing the spectrom-
eter’s ‘polarization-optics’ was generated [18]. The results were checked through the elas-
tic scattering reaction p(~e, e′~p) where the proton polarization is determined by electron
kinematics and the proton elastic form factors.
The matrix was then used for the extraction of the recoil proton polarization in the
p(~e, e′~p)π0 reaction. The preliminary results for the three polarization components are
shown in Fig.4. The curves represent full (i.e. without restriction to s- and p-waves)
calculations in the framework of the Mainz unitary isobar model (UIM) [20]. Px is very
sensitive to the CMR and from this polarization component a value of CMR = (−5.19±
0.75stat±0.60syst)% is extracted. However, since the influence of systematic uncertainties
is reduced, it is preferrable to extract the CMR from the ratio R = (−6.17±0.99±0.56)%.
The preliminary result for the full UIM analysis of the ratio yields CMR = (−5.25±0.82±
0.48)%.
Although the CMR is determined in the π0 channel, at the resonance position (de-
fined by ℜeM3/21+ = 0, i.e. at W = 1232MeV) it is believed to come very close to the
value for the isospin-3/2 channel (Eq.9) due to resonance dominance. In the UIM the
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Figure 5. Preliminary result of the CMR as extracted from Px/Pz of this experiment
(full circle) in comparison with unpolarized measurements from DESY, NINA, the Bonn
synchrotron [21] (open circles), and ELSA [24] (open square). Errors are purely statistical.
Px-interference in the π
0 channel practically equals at resonance the isospin-3/2 one:
ℜe{Sπ0∗1+ Mπ01+}/|Mπ01+|2 = ℜe{S3/2∗1+ M3/21+ }/|M3/21+ |2.
In Fig.5 the preliminary result is plotted along with published results from coincident
π0 experiments with unpolarized electrons. It is compatible with these data [21] and
with recent, yet unpublished results [22,23], which are not included in Fig.5. However,
one Bonn result [24] seems to be incompatible with all other data. Wether this is an
experimental or statistical artefact, or a severe hint that there is another than expected
ℑmS0+ background contribution - which enters with different sign in the kinematics of
that experiment compared to all other ones - is still an open problem but hoped to be
decided soon [25].
4. SUMMARY
Two examples of double polarization experiments from MAMI in the medium energy
range have been presented: quasifree D(~e, e′~n)p scattering and p(~e, e′~p)π0 in the energy
range of the ∆ resonance. These experiments resemble each other in that the recoiling
nucleons are detected in coincidence with the scattered electrons in the direction of the
momentum transfer and the nucleon polarization is analyzed in appropriate polarimeters.
In both cases the interesting observables can be extracted from ratios of polarizations
with the advantage of a particular insensitivity to calibration factors.
The new double polarization experiments in quasifree kinematics establish that the
neutron electric form factor, GnE , is almost a factor of two higher than the previously
favoured result of elastic e − D scattering. This corresponds to a significant different
charge distribution inside the neutron.
8The recoil polarization observables in the pion electroproduction reaction are sensitive
to the longitudinal quadrupole mixing, CMR, in the p→ ∆+ transition. The preliminary
result seems to support older unpolarized measurements within their larger errors. The
discrepancy with one recent experiment is possibly due to a remaining model dependence
in the analyses of this type of measurements. In this case the double polarization ob-
servables contribute information which is complementary to unpolarized measurements
concerning the separation of the non-resonant background contributions.
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